In two experiments, we found evidence for individual differences in the obligatory activation of addition facts. Subjects were required to verify the presence of a target digit (e.g., 4) in a previously presented pair (e.g., 5 +4). Subjects rejected targets that formed the sum of the initial pair (e.g., 5+4 and 9) more slowly than they rejected unrelated targets (e.g., 5+4 and 7). This interference of the sum was largest for subjects who were relatively skilled at multidigit arithmetic. Less skilled subjects did not show statistically significant effects of obligatory activation. In comparison with less skilled subjects, skilled subjects showed differential interference on plus-one (e.g., 3 + 1) and standard (e.g., 2 +3) problems when the plus sign was presented, and on ties (e.g., 2 2) when the plus sign was omitted. These results suggest that network models of arithmetic fact retrieval are appropriate for skilled subjects, but that alternative models need to be considered for less skilled individuals.
metic should show fast, accurate, and obligatory activation of stored facts, and retrieval should require few cognitive resources (Hasher & Zacks, 1979; Logan, 1985 Logan, , 1988 Shiffrin & Schneider, 1977) .
Research on skill differences in the automaticity of arithmetic-fact retrieval has been limited to comparisons between children and adults. First, adults and older children retrieve facts faster and more accurately than younger children do (see, e.g., Ashcraft & Fierman, 1982; Groen & Parkman, 1972; Hamann & Ashcraft, 1985; Miller & Paredes, 1990; Stazyk, Ashcraft, & Hamann, 1982; Widaman, Little, Geary, & Cormier, 1992) . Second, adults show evidence for obligatory (unintentional) activation of arithmetic knowledge (LeFevre, Bisanz, & Mrkonjic, 1988; LeFevre, Kulak, & Bisanz, 1991; Stazyk et al., 1982; Winkelman & Schmidt, 1974; Zbrodoff & Logan, 1986) . For children, obligatory activation may occur as early as age 9 or 10 in addition (Miller & Paredes, 1990 ), but it has not been found reliably in multiplication and in nonarithmetic tasks until age 12 or 13 (Hamann & Ashcraft, 1985; Koshrnider & Ashcraft, 1991; LeFevre & Bisanz, 1987; LeFevre et aI., 1991) . Third, adults require fewer cognitive resources to process simple arithmetic problems than children do (Kaye et aI., 1989) . These findings support the assumption that most adults, in comparison with children, have achieved automatic access to stored facts.
Comparisons made between children and adults, however, do not address the issue of whether automaticity is a source of individual differences within age groups. Most theorists assume that adults have achieved asymptotic performance on the retrieval of basic facts (Ashcraft, 1987; Siegler, 1988) . The large individual differences that exist in arithmetic performance even among adults suggest, however, that not all adults have automatic retrieval processes (Widaman et al., 1992) . For example, Geary and Copyright 1994 Psychonomic Society, Inc. Widaman (1987) found that performance on a multidigit arithmetic test was related to speed of memory retrieval and speed of performing the carry procedure on a chronometric arithmetic task. These results suggest that variability among adults in multidigit arithmetic could, in part, be due to differences in the automaticity of fact retrieval.
In the present research, we examined the relation between individual differences in multidigit arithmetic performance and obligatory activation (automaticity) of basic facts. Because automatic access to basic facts is believed to enhance performance on more complex arithmetic tasks, we hypothesized that subjects who were more skilled on a complex arithmetic task would show larger effects of obligatory activation than would less skilled subjects.
Evidence for Obligatory Activation of Arithmetic Facts
Obligatory activation has been assessed in a variety of paradigms. One approach has been to measure crossoperation confusion errors in arithmetic tasks. Adults are slow to reject false statements like 3 x4 = 7 in verification tasks (Winkelman & Schmidt, 1974; Zbrodoff & Logan, 1986 ) and they tend to make cross-operation errors in production tasks (Miller & Paredes, 1990; Miller, Perlmutter, & Keating, 1984) . Children show evidence for cross-operation confusion in production tasks as early as Grade 3 (Miller & Paredes, 1990) , supporting the view that obligatory activation develops early (Koshmider & Ashcraft, 1991) . In multiplication, table-related confusion effects are found (Campbell, 1987b (Campbell, , 1991 Koshmider & Ashcraft, 1991; Stazyk et al., 1982) : Subjects are slow to reject problems like 3 x9 = 18, supporting the hypothesis that activation of related information occurs without intention in a network representation.
Obligatory activation has also been studied in priming and interference tasks. The primary assumption behind these approaches is that, if obligatory activation occurs, then presentation of number pairs will result in the activation of related knowledge. Depending on the task, the activated knowledge may either facilitate processing or interfere with task completion. Koshmider and Ashcraft (1991) recently presented evidence for obligatory activation of multiplication facts obtained in a priming task (see also Campbell, 1987b Campbell, , 1991 . Children in Grades 3, 5 , and 7, as well as adults, saw a prime (e.g., 32) that was followed by a multiplication problem (e.g., 4 X 8 = 32). The prime was either related to the multiplication problem (e.g., 32), neutral (e.g., "--"), or unrelated to the problem (e.g., 54). Subjects were faster at verifying problems preceded by a related prime than at verifying those preceded by a neutral prime. Unrelated primes slowed responses to the target problem relative to the neutral prime. These results suggest that activation of the answer node facilitated processing of the target problem, whereas an unrelated number resulted in inhibition of the target problem. Priming was found for all ages on problems with smaller operands, whereas only Grade 7 children and adults showed consistent priming on problems with large operands. Furthermore, priming was found with a short (250-msec) delay between onset of the prime and onset of the problem, which is consistent with the assumption that activation spreads quickly in the number network. Priming and interference effects at longer delays were assumed to reflect conscious processing.
LeFevre and colleagues (LeFevre & Bisanz, 1987; LeFevre et al., 1988; LeFevre et al., 1991; Thibodeau & LeFevre, 1993) found evidence for obligatory activation in an interference task that did not involve arithmetic. Subjects were presented with a two-digit cue (e.g., 3 + 4) followed by a single digit. They were required to decide whether the single digit matched one of the numbers in the initial cue. Presentation of a two-digit cue is assumed to activate related digits in the network (e.g., the sum or product). When a target digit appeared that was related to the cue, subjects found it difficult to reject this target, even though it was not part of the digit cue. Thus, subjects were slower to decide that the sum (e.g., 3+4 and 7) did not match a digit in the initial cue than to decide that an unrelated digit did not match (e.g., 3+4 and 9). Moreover, because sum targets produced interference only at short delays between presentation of the cue and the target (i.e., 120 msec or less), activation in the network is presumably fast and automatic. At longer stimulus onset asynchronies (SOAs), subjects may use conscious processes to suppress activated digits that have not been presented, or activation of those digits may decay rapidly. Further, obligatory activation of the related arithmetic fact produced interference in conditions with and without a plus sign (i.e., 3 +4 and 3 4), suggesting that activation spreads from the presented digits, independent of the presence of the operation sign (LeFevre et al., 1988) . The number-matching task provides a strong test of the strength of associative connections in the network. Because associative strength is assessed in a context in which calculation of the sum is irrelevant, sum-based interference can clearly be attributed to obligatory activation, rather than to strategic processing. Moreover, the results of the study by LeFevre et al. (1991) suggest that retrieval in the context of an arithmetic task and obligatory activation of the sum are not necessarily equivalent. For children in the range of 8-11 years of age, LeFevre et al. did not find evidence for obligatory activation, even though children in that age range (and younger) are typically able to retrieve the sums of simple addition problems (Ashcraft & Fierman, 1982; Hamann & Ashcraft, 1985; Siegler & Shrager, 1984) . This result suggests that being able to retrieve some proportion of sums on an arithmetic task does not necessarily mean that the associative connections are strong enough to produce substantial activation in a nonarithmetic task. LeFevre et al. (1991) also found stronger evidence for associative connections based on number-line connections among children than among adults. Thus, the number-matching task is useful in as-sessing associative connections among numbers because it can be used to assess a variety of associative relations independent of intentional retrieval.
Overview of Present Research
The number-matching task developed by LeFevre et al. (1988) was used in two experiments to test the hypothesis that subjects who are skilled at multidigit computation would also show automatic activation of arithmetic facts. We hypothesized that subjects who perform well on a multidigit arithmetic test would show larger effects of obligatory activation than would less skilled subjects. This hypothesis is based on the assumption that automaticity of specific facts is an important component of performance on more complex arithmetic tasks. If all adults have achieved automatic access to stored facts, then obligatory activation will not vary with skill.
In both experiments, three types of problems were used as cues: plus-one cues had a one in the initial digit pair (e.g., 3 + 1); tie cues had identical digits in the initial pair (e.g., 3+3); and standard cues had unequal digits, both larger than one (e.g., 3+2). Tie and plus-one problems are learned earlier than standard problems (Groen & Parkman, 1972; Siegler & Shrager, 1984) , and an advantage in solution latencies to these problems persists among adults (Miller et aI., 1984) . Three types of targets were included: (1) matching targets were the same as one of the digits in the cue (e.g., 3 + 1 and 3); (2) sum targets were the sum of the cue digits (e.g., 3 + 1 and 4); and (3) neutral targets were unrelated to the cue digits (e.g., 3+ 1 and 6).
No previous research has directly addressed the question of whether accessibility of addition facts within the network is variable, although differential accessibility has been invoked as an explanation for problem-size effects (Ashcraft, 1992; Campbell & Graham, 1985) . Hence, one of our goals was to explore the relation between problem type and obligatory activation. On the basis of current literature and theory, two hypotheses were generated about how the type of cue might be related to automaticity. According to the general-accessibility hypothesis, automaticity is a property of the network as a whole, and evidence for equivalent levels of obligatory activation should therefore be found for all three cue types (standard, plusone, and ties). Alternatively, according to the specificaccessibility hypothesis, obligatory activation may vary with cue type, so that ties and plus-one cues may show more evidence for obligatory activation than standard cues. In general, according to network models of arithmetic acquisition, automaticity develops over time with extensive practice (e.g., Ashcraft, 1987; Campbell & Graham, 1985; Siegler & Jenkins, 1989; Siegler & Shrager, 1984) . Research has shown that tie problems are presented more frequently to children than are nontie problems by parents (Siegler & Shrager, 1984) and that frequency of problem presentation in textbooks varies with factors such as problem size (Hamann & Ashcraft, 1986) . Thus, automaticity could vary with particular problems (specific accessibility) because different problems may receive different amounts of practice (see also Campbell, 1987a; Campbell & Clark, 1989) . Finally, individual differences may interact with accessibility. For example, less skilled subjects may show evidence for obligatory activation only on tie and plus-one problems. Thus, obligatory activation may vary with skill, with problem type, or with both variables.
EXPERIMENT 1
The number-matching task developed by LeFevre et al. (1988) was used to test for obligatory activation of simple addition facts. Subjects were divided into skilled and less skilled groups, on the basis of their performance on a multidigit arithmetic task. Finding individual differences in activation for these skill groups would support the hypotheses that (l) not all adults have achieved complete automaticity of basic facts and (2) individual differences in automaticity are related to performance on complex arithmetic tasks.
Six SOAs were used to assess obligatory activation: 40, 60,80,120, 140, and 160 msec. A large number of reiatively short SOAs was used, to facilitate finding the locus of interference effects. In order to assess the specific and general accessibility hypotheses, three cue types were presented: ties (e.g., 2 +2), plus-one cues (e.g., 3 + 1), and standard cues (e.g., 3 + 2).
Method
Subjects. Twenty-four introductory psychology students (12 males and 12 females) participated to partially fulfill a course requirement. The median age of the subjects was 21:9 (years:months), ranging from 18:II to 34:9.
Materials. Each trial consisted of an initial digit cue (e.g., 2+3) and a subsequent digit target (e.g., 7). Excluded were combinations of digit cues and targets that might have elicited activation on the basis of some relation among the elements other than addition, such as multiplication (e.g., 2+4 = 8; see Campbell & Graham, 1985; Miller & Paredes, 1990; Winkelman & Schmidt, 1974) , or number series relations (e.g., 2+4 = 6; LeFevre & Bisanz, 1986) .
Four problem types were defined; they varied in the relation between the target and the digit cues and, consequently, also in the correct response (see Table I ). For both sum and neutral problems, the target did not match either number of the digit cue, and the correct response was "no." For sum problems, the target was equal to the sum of the digits in the cue. Targets for neutral problems were chosen from the set of sum targets. LeFevre et al. (1988) found effects of the distance between the digits in the initial cue and the target. That is, more time was required to reject a target when it was relatively close to the digits in the initial cue (e.g., 5 +3 and 6) than when the target was relatively far from those in the initial cue (e.g., 2+3 and 8). Adults did not, however, show differential distance effects as a function of skill (LeFevre et aI., 1991) . In the present study, we were not interested in testing hypotheses about distance. Thus, to ensure that effects of sums were not confounded with effects of distance, we balanced sum and neutral items for average distances between cues and targets. The split between the target number and the digit cue was determined for each of the sum and neutral items by calculating Target  Cues  Standard  2+3 5Note-Cues in the leftmost columnwere usedfor sum, neutral, andcuecontrol items. Cues in the rightmost column were used for target-control items.
the average difference between each number in the digit cue and the target. For example, the average split for the problem "2 + 3 8" is 5.5. The resulting mean values of split did not differ significantly between sum (3.5) and neutral (3.8) problems [t(22) 
For the cue-control and target-control problems, the target matched a number of the digit cue, and the correct response was "yes." Cue-control problems consisted of the same digit cues as those used for the sum and neutral problems. For half the eue-control problems, the target matched the digit on the right side of the cue, and in the remaining problems, the target matched the digit on the left side of the cue. Target-control items were constructed to ensure that the targets for problems with "yes" responses covered the same range as those for problems with "no" responses. Of particular concern was the inclusion of problems with large target values that would balance the relatively small values found in the set of cue-control targets.
The sum, neutral, and cue-control problems were presented in three cue conditions in which the relation between the digit cue (m+n) was varied (see Table I ). For standard cues, the digit cues were of the form m > 1, n > I and m*n (e.g., 2+7); tie cues comprised identical digits (m = n; e.g., 2+2); plus-one cues were of the form m = lor n =1 (e.g., 3+1 or 1+3).
Two lists of the stimuli were used, one the reverse order of the other. Within each list, all problems appeared at each of three SOAs for a total of 264 trials per list. Each list was presented in one of two sets with variable SOAs between number cue and target. The SOAs between digit cue and target in Set A were 40, 120, and 160 msec; in Set B, the SOAs were 60, 80, and 140 msec. The ordering of stimuli within lists was random, with the following six constraints: (I) the same problem type did not appear more than two times in succession; (2) the same target digit did not appear more than two times in succession; (3) the same response was not correct more than three times in succession; (4) the same digit did not appear more than three times in succession; (5) the same digit did not appear in the same position more than two times in succession; and (6) problems did not appear at the same SOA more than two times in succession.
Each subject completed both Set A and Set B, with a different order of the stimuli presented for each set. The order of set presentation (A or B first) and list order was counterbalanced with sex across subjects.
Arithmetic skill was assessed with an arithmetic test involving multidigitaddition, subtraction, and multiplicationproblems (French, Ekstrom, & Price, 1963) . This test includes four pages of problems: two pages of three-term addition problems (120 total), and two pages of combined two-term subtraction and multiplicationproblems (60 of each type). Subjects were given 2 min per page to solve as many problems as possible. They were instructed to solve the problems as quickly as possible without sacrificing accuracy. Problems of each type (i.e., addition, subtraction, and multiplication) were preceded by 10 practice problems of the same type.
The subjects also completed a mathematics background and interest questionnaire that served as a filler task between the two problem sets. The data from the questionnaire were not of interest for the present purposes and are not discussed further.
Apparatus. Items were presented on a Samsung Model SM 125FA7 monochrome monitor controlled by an ffiM 80286-type microcomputer. Response collection and timing were done with a Digitek Developments I/O board; timing was accurate to the nearest millisecond. SOAs were precisely controlled by linking presentation of stimuli to the refresh rate of the video monitor (20-msec cycles). Thus, the initial cue was presented for the SOA minus 20 msec; then the screen was turned off for 20 msec, and the target was written to the screen. At the beginning of the next video cycle, the screen was turned back on to display the target. Thus, the interstimulus interval at each SOA was 20 msec.
The subjects responded to targets by pressing an appropriate microswitch key on a two-key response panel. They were instructed to place the index finger of the preferred hand between the two keys and to return the finger to that position after each response.
Procedure. Each trial began with the presentation of the prompt, "*", which remained on the screen until the subject pressed the right-hand key to initiate the trial. After a 6OQ-msec delay, a digit cue was presented. Following a variable SOA (40, 120, or 160 msec in Set A; 60, 80, or 140 msec in Set B), the number cue disappeared and the target digit was presented one line below the position of the number cue, centered under the location of the plus sign. The target number remained on the screen until the subject responded "yes" or "no" by pressing the appropriate key, or for a maximum of 5 sec. Latency (in milliseconds) and accuracy were recorded, and subjects received auditory feedback regarding the accuracy of each response: An ascending series of four tones followed a correct response, and a short buzzer sound followed an incorrect response.
Before the experimental trials, the subjects were given 10 practice trials with auditory feedback. The practice trials included items that were similar to each of the four experimental problem types. The subjects were instructed to respond as quickly as possible without sacrificing accuracy. If a subject made errors on more than 2 of the 10 practice trials, or still felt uncomfortable with the response procedure, the practice set was repeated. The practice set was repeated with two subjects.
Sets A and B of the digit-matching task each required approximately 10 min to complete. The mathematics background and interest questionnaire was administered between the two sets. The subjects completed the arithmetic fluency test after finishing the second set of experimental trials. Each experimental session lasted approximately 45 min.
Results
A median split on total score on the math fluency test was used to divide subjects into two skill groups. Fortui-tously, six males and six females fell into each skill group. To check the legitimacy of the skill division, the fluency scores were analyzed in a 2 (skill) X 2 (sex) analysis of variance (ANOVA). Skilled subjects scored significantly better than less skilled subjects (112 vs. 75 correct out of a possible 240) [F(I,20) Mean latencies' (correct responses only) and percentage of errors were analyzed in separate ANOV As that included two between-subjects factors, 2 (skill: low, high) x 2 (sex: male, female), and three repeated measures factors, 3 (cue: standard, tie, plus-one) X 2 (target: sum, neutral) X 6 (SOA: 40, 60, 80, 120, 140, 160 msec Figure 1 . The interaction of skill and target was significant at 40 msec [F(I,I00) = 15.44, MSe = 11,700, P < .01], indicating that skilled subjects showed larger effects of obligatory activation than did less skilled subjects. Tests of simple effects indicated that interference effects were significant for skilled subjects at the 40-and Note-SOA, stimulus onset asynchrony. SOA (rnsec)
7oo+--I----+--+---+---+--+-----1--+--I---+----+-----ic----I---+--_+_F igure 1. Latencies on sum and neutral problems by stimulus onset asynchrony in Experiment 1 for skilled and less skilled subjects. [Fs(1,2oo) > 4.90,ps < .05). These comparisons suggest that the differences between skilled and less skilled subjects are smallest on tie cues and provide limited support for the specific accessibility view. For less skilled subjects, the moderate interference observed on ties at 60 msec also occurs at 80 msec, suggesting again that activation of ties is more persistent than that of other cue types.
Analysis Table 3 ). For standard items, there was no change in errors with SOA, whereas plus-one items showed a significant linear decline [F(l, 3OO) . In contrast, for less skilled subjects, there were no significant differences between latencies for sum and neutral targets. These findings support the hypothesis that automaticity of access to arithmetic facts varies among adults and suggest that one source of individual differences in the solution of complex arithmetic problems may be the accessibility of the simple arithmetic facts. Effects of cue type address the issue of whether accessibility is specific to certain facts or is a general property of the network. Latencies to ties (856 msec) were significantly slower than latencies to plus-one items (811 msec; Tukey HSD, p < .05), but latencies for standard cues (840 msec) were not significantly different from either of the other cue types [F(2,40) = 18.35, MS. = 22,475, p < .001). However, the effect of cue did not interact with target type (i.e., sum vs. neutral), suggesting that the increased latency for ties reflected the processing of the initial cue rather than the processing of the target. The interaction of skill, cue type, and target type was also not significant: Less skilled subjects did not show evidence for interference on any of the three cue types, whereas interference was reasonably consistent across cue types for skilled subjects, averaging 35 msec for standard, 34 msec for tie, and 50 msec for plus-one cues across SOAs. 2 In outline, these findings seem most consistent with the general accessibility view of the arithmetic network.
Inspection of the data in Table 2 , however, suggest that interference did vary somewhat across cue types at the shortest SOAs. As shown in Figure 2 , for skilled subjects, interference was greatest at 40 msec for standard and plusone cues [Fs(I, 2oo) > 6.59, MS. = 10,028, ps < .01], whereas for ties, the effect approached significance [F(1,2oo) = 3.83] . At 60 msec, the interference effect was significant only for ties [F(1,2oo) = 11.39], suggesting that the time course of interference for ties may be slightly slower but may persist longer. None of the interference effects were significant for less skilled subjects. However, tests of the interaction between skill and problem type (sum vs, neutral) for each cue type were significant only for standard and plus-one cues at 40 msec . Evidently, ties generated more interference at encoding than did standard or plus-one items. Encoding the same number twice may have activated that number very strongly, making it difficult to reject any related digit. Alternatively, the "double-activation" of one set of associations for tie problems versus the "single-activation" of two sets of associations for nontie problems may have resulted in greater interference for tie problems because of stronger levels of activation within the network.
Discussion
The results of this study provide further evidence that sums are activated without intention on presentation of a digit cue (Lefevre et al., 1988; Lefevre et al., 1991) . The interference effect was larger for skilled than for less skilled subjects, supporting the hypothesis that accessibility of arithmetic facts may be a factor in individual differences in the solution of complex problems.
The results of this study replicate those found by LeFevre et al. (1988) and extend the interference effect to a wider range of problems. There were, however, some differences between the results reported by Lefevre et al. and those of the present research. Lefevre et al. included SOAs of 60, 120, 180, 240 , and 480 msec and observed significant interference only at the 120-msec SOA. The general claim, that interference is generated rapidly and declines at longer SOAs, still holds. A question remains, however: Why did interference occur at substantially shorter SOAs in the present study?
One critical difference between Lel-evre et al. 's (1988) and the present research consisted in the equipment used to present the stimuli. The TTL video monitor used in the present study provides a much clearer, more easily processed stimulus than did the RGB screen used by Lef'evre et al. (1988) . Subjects may be able to encode the initial digits more rapidly, and hence, activated information may become available sooner. In support of this hypothesis, the mean response time for the 60-msec SOA (digit condition) in Experiment 1 of Lef'evre et al. was 887 msec, versus 832 msec in the present study (ties excluded). Research in the word-recognition literature supports the view that stimulus quality affects the speed of encoding (Stanners, Jastrembski, & Westbrook, 1975) .
A second difference is that Lefevre et al. (1988) did not assess individual differences. When skill is ignored in this study, the largest difference occurs at the 60-msec SOA. In combination with the encoding difference discussed above (of approximately 55 msec), it is perhaps not surprising that Lefevre et al. found the largest difference between sum and neutral items at 120 msec (in Experiment 1, comparable [plus] condition). Thus, the results of the present study are only superficially different from those of Lefevre et al. (1988) .
In conclusion, the results of this experiment are consistent with the view that skilled subjects are more likely to experience obligatory activation of simple addition facts than are less skilled subjects. For less skilled subjects, interference effects were consistently moderate and not statistically significant. The pattern of activation forties suggested that some tie activation may have occurred for less skilled subjects. Lefevre et al. (1991) found that less skilled subjects did show evidence of obligatory activation, but at a longer SOA than did skilled subjects. Lef-evre et al. (1991) used a different item set (not differentiated into standard, plus-one, and tie cues) and included longer SOAs (i.e., 60, 80, 120, 200, and 500 msec). The use only of short SOAs in the present experiment may have caused a bias against finding effects of obligatory activation among less skilled subjects. Thus, longer SOAs were used in Experiment 2, although the critical short SOAs (40 and 60 msec) were retained.
The results of Experiment 1 were most consistent with the general accessibility hypothesis, in that obligatory activation occurred for skilled subjects on all cue types (i.e., standard, plus-one, and tie). There was some suggestion, however, that activation of ties persisted longer. Furthermore, the high error rates on ties may indicate strong obligatory activation. Because cue types had not been compared in any other study, it was important to replicate these findings. Slow latencies and relatively large error rates on tie items may have masked differential interference effects for ties as opposed to nonties. Thus, Experiment 2 provided a replication of cue effects as well as an extended range of SOAs.
EXPERIMENT 2
Experiment 2 differed from Experiment 1 in that (I) no plus sign was given between the initial digits, and (2) the SOAs were 40, 60, 120, 160, 200 , and 400 msec. Longer SOAs were included to provide a closer replication of those used by LeFevre and colleagues (LeFevre et al., 1988; LeFevre et al., 1991) . Furthermore, LeFevre et al. (1991) found evidence for obligatory activation among less skilled subjects at a longer SOA than that for skilled subjects, with different items and a different set of SOAs (60, 80, 120, 200 , and 500 msec). Thus, longer SOAs were included in this experiment so that we could assess whether obligatory activation might be found for less skilled subjects at longer SOAs than those for skilled subjects.
In Experiment 2, the plus sign was omitted between the initial digits in order to provide a strong test of the hypothesis that obligatory activationoccurs without intention in this task. LeFevre et al. (1988) also included a blank condition. Interference was found for both plus and blank conditions in that study, suggesting that obligatory activation is driven primarily by the digits in the cue and less strongly by the operation sign. This is consistent with the view that addition and multiplication facts are stored in a single memory network (Geary, Widaman, & Little, 1986) . Alternatively, effects of the plus sign may be limited to situations in which there is an intention to retrieve. LeFevre et al. (1988) did observe some differences between plus and blank conditions however; in the blank condition, significant interference was found at both 60-and 120-msecSOAs, whereas interference was found only at 120 msec in the plus condition. That difference was ascribed to encoding: One less symbol needs to be encoded in the blank (as opposed to the plus) condition. Because encoding was somewhat faster in Experiment 1 than in LeFevre et al. (1988) , the pattern of interference effects may vary in plus versus blank presentation.
Method
Materials and Procedure. The materials and procedure were identical to those of Experiment 1, except for the SOAs. The SOAs used in Set A were 40, 120, and 200 msec; the SOAs used in Set B were 60, 160, and 400 msec.
Subjects. A total of 31 introductory psychology students (15 males and 16 females) participated to partially fulfill a course requirement. As in Experiment 1, skilled and less skilled groups with equal numbers of males and females were created; hence, the data were analyzed for only 24 of these subjects. Of the first 16 subjects who participated, only 4 had fluency scores that could be considered skilled (using the cutoffs from Experiment 1). Of the next 15 subjects who participated in the experiment, 8 were classified as skilled. From the remaining group of 19 subjects, the 12 subjects with the lowest scores were selected, with the constraint that half were males and half were females. Median age of these 24 subjects was 20:3 (years:months), ranging from 18:3 to 31:1.
Results
Arithmetic fluency scores were analyzed in a 2 (skill) x 2 (sex) ANOVA. Skilled subjects had higher fluency scores than did less skilled subjects (114 vs. 74) [F(I,20) = 52.44]; males scored higher than females (101 vs. 87) [F(l,20) = 8.3l,p < .01]; and the interaction was significant [F(1,20) = 5.49, p < .05]. As in Experiment 1, skilled males scored higher than skilled females (126 vs. 101), whereas fluency scores did not vary by sex for less skilled subjects (76 vs. 73). When fluency scores from both experiments were analyzed together, main effects of skill and sex, as well as the skill x sex interaction were significant. There was, however, no effect of experiment, indicating that the skill groups were similar in the two studies.
As in Experiment 1, mean latencies and percentage errors were analyzed in separate mixed ANOVAs. The data from these analyses are presented in Table 4 . Errors. As in Experiment I, subjectsmade more errors in response to tie (13.1 %) than to standard (5.3%) or plusone cues (4.3%) [F(2,40) = 34.57, MSe = 194.2, P <
.001]; errors decreased with increases in SOA [F(5, 100) = 21.18, MS e = 202.5, p < .001]; and these two factors interacted [F(10,200) = 8.89, MSe = 111.6, p <
.01] (see Table 5 ). Subjects made more errors in response to tie than to standard or plus-one cues at 40, 60, and 120 msec only (Tukey HSD, p < .05).
Target type interacted with cue type [F(2,40 
MS e = 85.3, p < .05]. More errors were made in response to sum than to neutral targets for standard (6.1 % vs. 4.5%) and tie targets (13.7% vs. 12.6%), but the reverse was true for plus-one targets (3.3% vs. 5.4%): Tests of simple effects indicated that none of these differences between sum and neutral items were statistically significant. Skill interacted with SOA [F(5,100) = 2.37, MS e = 202.5, p < .05]: Tests of simple effects indicated that skilled subjects made more errors than did less skilled subjects at the 4O-msec SOA (19.8% vs. 12.0%) [F(I,120) = 10.03, MSe = 343.2, p < .05]; differences at the 60-msec (14.5 % vs. 8.5 %) and 120-msec SOAs (8.2 % vs. 3.8 %) were in the same direction, but not statistically significant. At the three longer SOAs, all error percentages were less than 6 % and skilled and less skilled subjects did not differ. 3 Thus, skilled subjects made more errors than did less skilled subjects, especially at the shortest SOA. This result compromises interpretation of the latency effects at the 40-msec SOA.
Latencies. As in Experiment I, sum targets were rejected more slowly than neutral targets (782 vs. 772 msec) Thus, as in Experiment I, the largest difference between sum and neutral targets occurred at a short SOA.
Skill differences were of particular interest, as in Experiment I. The interaction between target type and skill was not significant in the overall analysis [F(1,20) = 2.07, p = .17], or at any of the SOAs. At the 6O-msec SOA, however, the pattern of results was the same as in Experiment I (see Figure 3) , with the skilled subjects showing a larger interference effect than the less skilled subjects did. Tests of simple effects indicated that for the skilled subjects, the difference between sum and neutral targets was significantonly at 60 msec [F (I ,100) = 11.10, MS e = 6,723, p < .01]. For the less skilled subjects, there were no significant differences between sum and neutral items. Thus, the results of this experiment provide only limited support for the hypothesis that skilled subjects would show larger effects of obligatory activation than would less skilled subjects. As discussed below, however, this conclusion is qualified by the high error rates at 40 msec and by the cue type effects.
As in Experiment I, ties (797 msec) were rejected more slowly than standard (776 msec) or plus-one cues (759 msec) [F(2,40) SOA (rnsec) 400 Figure 3 . Latencies on sum and neutral problems by stimulus onset asynchrony in Experiment 2 for skilled and less skilled subjects.
-1 DO+ ---+---+---+--l----+-----+----+-------l Figure 4 . Interference effects (difference between sum and neutral latencies) for skilled and less skilled subjects by cue type and stimulus onset asynchrony in Experiment 2.
Discussion
As in Experiment 1, sum targets were rejected more slowly than neutral targets at a short SOA (60 msec). This interference effect was larger for the skilled than for the less skilled subjects only on tie problems. Thus, in contrast to the results of LeFevre et al. (1988) , obligatory activation was not the same in the plus and in the blank conditions when skill was' considered. This conclusion must be qualified because, for skilled subjects, high error rates at the shortest SOA made latency effects difficult to interpret.
Why did the skilled subjects make such a large number of errors at the shortest SOA? Comparison of the latencies for the less skilled subjects across SOAs indicates that the less skilled subjects tended to be slower in Experiment 1 than in Experiment 2, and that the pattern of interference effects was similar in the two experiments. For these subjects, the effect of the plus sign may have been to increase encoding time, resulting in somewhat longer latencies (cf. LeFevre et al., 1988) .
For the skilled subjects, however, latencies were very similar in both experiments across SOAs, with the exception of those at 40 msec. Thus, the additional symbol did not increase processing time and may have been processed automatically by skilled subjects. In comparison with the skilled subjects in Experiment 1, the skilled subjects in Experiment 2 had faster latencies on sums and slower latencies on neutral items at 40 msec. Error rates were substantial in both the sum and the neutral conditions at 40 msec. The absence of a plus sign may have made it difficult for the subjects to decide on the order of presentation of the three numbers. The plus sign signaled to the subjects which digits formed the cue and which digit was the target. For the skilled subjects, the activation of related digits, such as the sum, may have increased the difficulty of the task at the short SOAs.
The slow overall response latencies and large error rates on ties may be a product of the demands of the numbermatching task. This task requires the subject to (1) encode and activate the two digits in the cue, (2) encode and activate the target, (3) compare the results of (1) and (2) and decide whether a match occurred, and (4) respond. If the decision in (3) is based on relative activation levels, tie cues may be particularly hard to distinguish from "yes" problems. That is, any time that a digit receives a "double-dose" of activation (e.g., 3+2 and 3 or 2+2 and 6), the tendency may be to respond "yes." At longer SOAs, it would be easier to distinguish a matching problem from a "yes" problem on the basis of the order of digit presentation.
Alternatively, the slow overall response latencies and high error rates on ties may reflect properties of spreading activation within the associative network. In the network, activation is assumed to spread from the "parent" nodes to related nodes. In the case of a nontie problem (e.g., 2+5), activation will spread to two sets of arith- Table 5 ).4
Skill interacted with cue type [F(2,40) (776 vs. 739 msec) . These cue type effects suggest that tie cues were processed somewhat differently from standard or plus-one cues. Because tie cues also showed differential effects in Experiment 1, the interaction of skill and target type was examined separately at each SOA for the three cue types (see Figure 4) . At 40 msec, high error rates compromise any conclusions about latency differences (see Table 5 ). At 60 msec, however, there was a significant interaction between skill and target type for ties [F(1,200) = 5.6, MSe = 9,035, p <
.05]. Thus, skilled subjects showed evidence for larger effects of obligatory activation than less skilled subjects only on items that were hypothesized to be most strongly associated in the addition network. Tests of simple effects indicated that there were significant differences between sum and neutral targets for skilled subjects on tie and plusone items at 60 msec [Fs(1, 200) > 3.84, MSe = 9,035, ps < .05]. None of the differences were significant for less skilled subjects.
In summary, the results of this experiment provide qualified support for the hypothesis that skilled subjects show larger effects of obligatory activation than do less skilled subjects; the hypothesis was supported only for tie problems. Unlike in Experiment 1, interpretation of latency effects at the shortest SOA was compromised by high error rates. Cue type effects, as in Experiment 1, support a limited version of the specific accessibility hypothesis, in that tie cues were most likely to be activated. metic facts (e.g., facts associated with 2 and facts associated with 5). In the case of tie problems, however, activation will be concentrated within a single family of arithmetic facts. For example, in the problem 3 +3, facts associated with the number 3 will receive activation from both addends. Hence, in the case of tie problems, the level of activation associated with the sum may be more concentrated at one answer than is the case with nontie problems. At longer SOAs, it would be easier for subjects to inhibit this relatively high level of activation; at shorter SOAs, the high activation may produce elevated error rates. Inspection of the means for tie problems (see Tables 2 and 4) suggests that slower latencies to ties persist until at least 80 msec. Thus, the results of the present research suggest that tie problems show larger effects of obligatory activation than nonties do, and that the effect is partially contained in high error rates (especially in the blank condition) and in activation that persists longer than for nonties.
GENERAL DISCUSSION
In two experiments, we found evidence for obligatory activation of simple addition facts. Among skilled subjects, activation occurred quickly after encoding of a cue and produced interference at short SOAs, at least when a plus sign was presented. In contrast, less skilled subjects showed smaller effects of obligatory activation that were not statistically significant (cf. Lefevre et al., 1991) . These findings accord with the view that the accessibility of basic arithmetic facts may be related to individual differences in arithmetic skill Kaye, 1986) .
The present findings are consistent with research on other complex cognitive tasks in which automaticity is assumed to be a component of skill. For example, in reading, one current assumption is that automatic word recognition and syntactic processes make cognitive resources available that can then be devoted to the demands of comprehension (Just & Carpenter, 1992; Perfetti, 1985) . A similar effect may occur in arithmetic. Automatic retrieval of arithmetic facts may allow an individual to devote processing resources to the other aspects of complex arithmetic, such as carrying in multidigit addition. Widaman et aI. (1989) proposed a model of multidigit addition in which carrying is a resource-demanding process. Because performance on multidigit problems is a combination of a number of processes, including encoding speed, memory access, and carrying, automaticity of memory access would provide a clear advantage to the problem solver. Although theorists have suggested that automaticity of retrieval is important in arithmetic skill (e.g., Ashcraft et al., 1992; Kaye, 1986; Resnick & Ford, 1981) , experimental evidence has been scarce (see, e.g., Kaye et aI., 1989) .
The results of Experiment 1 (plus sign included) are most consistent with the general accessibility view of automaticity for addition, at least for skilled subjects, although there is some evidence that tie activation persists longer than activation of other items. In Experiment 2, obligatory activation was most evident for ties (no plus sign), suggesting that the ties have the strongest connections in the addition network. This conclusion is consistent with the findings of a number of studies in which ties are responded to more quickly than comparable nonties in arithmetic tasks (Groen & Parkman, 1972; Miller et al., 1984) . According to a specific accessibility view, obligatory activation would be larger for those problem types that receive the most practice. Thus the results of the present research suggest that ties are the most accessible facts in the network for both skilled and less skilled subjects.
Although the present results provide only limited support for specific accessibility, we did not test all possible singledigit arithmetic problems. Response times in arithmetic tasks generally increase as a function of the size of the digits (Ashcraft & Battaglia, 1978; Groen & Parkman, 1972; Miller et aI., 1984) , and this increase in response time presumably reflects the accessibility of the various facts (Ashcraft, 1992; Koshmider & Ashcraft, 1991) . The largest minimum addend in the present studies was only four, however, and the largest changes in response times are typically found for minimum addends larger than 5 and sums greater than 10 (e.g., Ashcraft & Stazyk, 1981; Miller et aI., 1984) . Thus, if the range of problem sizes was extended to problems with larger sums and larger minimum addends, stronger evidence for specific accessibility might be found. In accord with this view, Thibodeau and Lef'evre (1993) recently found evidence for specific accessibility of multiplication facts in the numbermatching task. In their study, obligatory activation was only found on multiplication problems with products that were less than 30. Because larger multiplication problems are presented less frequently and receive less practice than small multiplication problems (Ashcraft, 1992) , Thibodeau and Lefevre's results suggest that the accessibility of multiplication facts varies across problems. Hence, resolution of the issue of whether addition facts vary in accessibility within the network awaits further research.
The present results support the hypothesis that automaticity of retrieval of arithmetic facts may be a source of individual differences in arithmetic skill. Obligatory activation (as an index of accessibility) varied across individuals, with skilled individuals showing large effects and less skilled individuals showing smaller effects. Although interference effects were not statistically significant for less skilled subjects, less skilled subjects did show small differences of approximately 45 msec at the 60-and 120-msec SOAs in Experiment 1, and of approximately 35 msec at the 60-and 160-msec SOAs in Experiment 2. Thus, less skilled subjects may have connections between problems and sums that are not strong enough to produce substantial obligatory activation on a majority of trials. The speed of activation may also be slower for less skilled than for skilled subjects, as is indicated by the small interference effects at somewhat longer SOAs of 120 and 160 msec in the present experiments, and at 120 and 500 msec in LeFevre et al. (1991) . One interpretation of our results is that individuals vary in the accessibility of their addition facts in such a way that skilled individuals show relatively strong and fast activation in comparison with less skilled subjects.
A more extreme interpretation of the present findings is that less skilled individuals have impoverished networks with very weak or nonexistent connections between many problems and their sums. This situation is found in children who are in the process of learning their arithmetic facts (e.g., Siegler & Shrager, 1984) . The present studies provided a very liberal test of automaticity, because these addition problems with sums less than 10 should be the most likely of all arithmetic facts to have strong connections between problems and sums. Furthermore, individuals who do not show evidence of obligatory activation on these problems would be unlikely to have accessible large addition facts. Thus, the present findings support the view that a substantial number of adults do not have complete and accessible arithmetic networks.
In summary, the view that a substantial number of adults do not have accessible arithmetic networks poses a serious challenge for extant network models of arithmetic knowledge (see also Ashcraft et al., 1992) . All of these models include the assumption that the majority of adults have automatic, effortless retrieval of basic arithmetic facts (e.g., Ashcraft, 1987; Campbell & Oliphant, 1992; Siegler, 1987; Widaman et al., 1989) . Although models of arithmetic solution in children allow for nonretrieval processing (i.e., Siegler & Shrager, 1984) , models of arithmetic processing in adults have not been elaborated in this direction (e.g., Ashcraft, 1982) . The present results, in combination with recent findings that many adults use counting or other reconstructive strategies on a substantial number of problems (Bisanz, 1992; Geary, Frensch, & Wiley, 1993; Geary & Wiley, 1991; LeFevre, Sadesky, & Bisanz, 1994; Svenson, 1985; Widaman et al., 1992) , suggest that models of adults' arithmetic processing may require elaboration and revision. Reconstructive strategies could be fast and automatic (Baroody, 1983 (Baroody, , 1985 , but they would not produce obligatory activation of the sort measured by the number-matching task. Thus, it may be necessary to seriously consider the role of nonretrieval processing in models of arithmetic performance in order to adequately describe the performance of adults at all levels of skill.
